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Abstract

Experiments to measure the hydrogen uptake kinetics of DEB getter/Pd catalyst/activated 

carbon pellets have been performed under isothermal isobaric conditions. The extracted kinetics 

were then used to predict the performance of the getter pellets under different temperatures and 

pressures, including non-isobaric situations. For isothermal isobaric uptake at higher H2 pressure 

(666.6-2666.5 Pa), H2 solubility in the getter matrix is responsible for the uptake observed up to 

a 40-60% reacted fraction. Once the hydrogenated product becomes thicker, the diffusions of the 

reactants (atomic hydrogen and getter molecules) towards the reaction front become the rate 

limiting step.  However, in a dynamic but very low H2 pressure, encountered in many vacuum 

electronic applications, the hydrogen spillover effect, over micrometer scale, becomes the 

dominant reaction mechanism. Despite such a complex dependence of the rate limiting 

mechanisms on the experimental environment, there is good agreement between kinetic 

prediction models and experiments. The investigation also reveals that the ultimate uptake 
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capacity in the getter pellets scales inversely with the free volume of the vacuum vessel in which 

the DEB getter pellets are used, and that DEB getter pellets’ performance greatly deteriorates 

during the final 10-15% capacity (as evidenced by the sharp bend in the slopes of the reacted 

fraction vs. time curves at 85-90% reacted fraction).

Introduction

Organic getters such as 1,4-bis(phenylethynyl)benzene (DEB), when blended with a 

carbon supported palladium catalyst to form pellets, have the ability to rapidly and irreversibly 

react with H2.  They also have a substantial capacity as each molecule of DEB is capable of 

storing 4 molecules of H2.  The proper use of such organic getters can prevent hydrogen gas 

accumulation in sealed containers, which may lead to hydrogen corrosion of materials, 

undesirable effects on electronic components, or an explosion hazard.1-2  Currently, there are 

only a few published studies on the kinetics of the uptake of DEB pellets or DPB (1,4-

diphenylbutadiyne) pellets and one paper on the ageing aspects of the DEB getter pellet.3-7 All 

of the reported experimental works for DEB getter pellets were performed with uniquely 

designed experimental setups, which measured the hydrogen uptake under dynamic pressure 

conditions.3-5,7 In addition to the scarcity of literature on the performances of these organic 

getter/Pd catalyst/ activated carbon systems, there is no comprehensive description of the 

dependence of the dominant uptake mechanism on the application environments.

In this report, for the first time, the hydrogen uptake measurement of DEB getter pellets 

was carried out in an isothermal isobaric environment. The uptake kinetics were then extracted 

to build kinetic models which can predict hydrogen uptake performances even under dynamic 

pressure environments. The level of agreement between predictive models and experiments, as 
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well as the implication that the rate limiting pathway is dependent upon the application 

environment, are then discussed.

Experimental setup and analysis methodology

Getter materials

The DEB getter pellets used in this work were manufactured by Honeywell Federal 

Manufacturing & Technologies at their Kansas City Plant and stored at room temperature (~294 

K) in air until use in the experiments reported here. These pressed DEB pellets consist of 75 

wt.% DEB and 25 wt.% catalyst (5 wt.% Pd on activated carbon) and have a microscopically 

porous structure to enhance the rate of hydrogen adsorption and subsequent reaction.8  The DEB 

used in the pressed pellets was obtained from Kemex Laboratories with a purity of   99% and 

some trace amounts of impurities, the largest of which is H2O.  The activated carbon support 

(with a high surface area of 1100 m2/g) serves to disperse the Pd catalyst throughout the DEB 

pellet structure.  The Pd catalyst nanoparticles are thus randomly distributed throughout the DEB 

getter pellets to disassociate molecular hydrogen into atomic hydrogen.  The atomic hydrogen is 

then added across the unsaturated carbon-carbon bonds in the DEB molecule, and its 

intermediates until fully hydrogenated, irreversibly storing the hydrogen in the C-H bond form.  

Without catalysts such as Pd or Pt, DEB cannot capture molecular hydrogen.  The DEB pellets 

are cylinders with a diameter of approximately 2.85 mm and a height of 3.16 mm. Each pellet 

weights roughly 20.4 mg with a density of about 1.01 g/cm3. The chemical structures of a virgin 

DEB molecule, a fully hydrogenated DEB molecule, and the optical image of some DEB getter 

pellets are shown in Fig.1.  

Isothermal isobaric uptake experiments
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Thermo-gravimetric approaches to the measurement of hydrogen uptake in organic 

getters are generally not accurate, since the hydrogenated by-products of the reaction tend to be 

volatile and cause weight loss in a weight gain experiment.6  Unless the equilibrium vapor 

pressures of the hydrogenated species over their corresponding solids are known and therefore 

can be used to correct for the weight loss due to product volatility during thermo-gravimetric 

measurement of hydrogen uptake,6 a technique based on hydrogen pressure drop is more 

preferable.  

Fig. 2 shows a schematic diagram of the isothermal isobaric experimental setup reported 

in this manuscript. The setup consists of a bottle of research grade hydrogen connected to a 

1925cc reservoir, a small 76.9cc reaction chamber which houses 20 DEB getter pellet for each 

experiment, and a MKS type 649A pressure controller which connects the reservoir chamber to 

the reaction chamber. During a typical isothermal isobaric experiment, 20 DEB getter pellets 

were placed in the reaction chamber, pumped to the high vacuum level, then heated to ~ 333 K 

overnight. This high vacuum annealing step has been reported to be sufficient to drive out 

adsorbed contaminants such as H2O, CO, and CO2, and to restore the maximum uptake capacity 

of air-exposed getter pellets to that of freshly made getter pellets.7  The reaction chamber was 

then cooled under high vacuum (no exposure to any other gases except H2 in the subsequent 

steps) to the desired reaction temperature (varying between 292-323K) which was kept to within 

±0.5K difference between the reaction chamber and the reservoir chamber by commercial 

temperature controllers.   During experiments, H2 stored at pressures between 26000 to 47000 Pa 

in the reservoir was fed by the pressure controller into the reaction chamber to keep the pressure 

inside the reaction chamber (< 2667 Pa) constant.  The pressure drop in the reservoir was directly 
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related to the hydrogen uptake by the pellets in the reaction chamber and recorded by a 

computer. 

Constant rate of hydrogen injection experiments

In Fig. 3, a schematic diagram of the setup for a constant rate of hydrogen injection 

experiment is shown. Hydrogen is fed directly to a mass-flow controller which keeps the rate of 

hydrogen injection into the reaction chamber constant with time. In a typical constant rate 

injection experiment, the reaction chamber was first loaded with 25 DEB getter pellets, annealed 

at ~323K in a high vacuum overnight to get rid of adsorbed gases, and then cooled under vacuum 

to the reaction temperature. The plot in Fig. 4 illustrates the typical information provided by 

such experiments. Without getter in the reaction chamber, the hydrogen pressure curve in the 

chamber should rise linearly with time. However, when DEB getters are in the reaction 

chamber, they absorb hydrogen and keep the pressure in the reaction chamber low. After a while 

and when the getter pellets’ remaining capacity is very low or completely used up, the pressure 

in the reaction chamber begins to rise linearly with the same slope as in the case without getter. 

The difference between the hydrogen pressure curves with and without getter corresponds to the 

amount of H2 captured by the DEB pellets. 

Isothermal model-fitting kinetic analysis 

The rate equation for a general reaction can be written as: 

   


f
RT

E
kf

dt

d








 exp                                                                                                 (1)

where t is time;  is the reacted fraction (0 to 1); k is the rate constant;  is the pre-exponential 

factor; E is the activation energy for the rate controlling process; R is the gas molar constant, T is 
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temperature in Kelvin; and f() is an analytical function determined by the rate-limiting reaction 

mechanism.

In the integral form:

                                                                                                                                                       (2)

A table listing possible rate limiting models with associated mathematical expressions for f() 

and g() is reproduced in Table I.8 From eqn. (2), the most consistent (or probable) rate limiting 

model for the experimental data yields the best linear fit for the plot of g() vs. t.  This is 

illustrated in the diagram of Fig. 5. The rate constant at a specific temperature Ti, k(Ti), is 

obtained from the slope of the linear fit. Reaction kinetics can then be obtained using the 

Arrhenius equation in its logarithmic form at two or more different temperatures:

    
i

i
RT

E
Tk  lnln                                                                                                                   (3)

Clearly, the slope of the linear fit for the plot of ln[k(Ti)] vs. 1/Ti is simply -E/R while the 

intercept is related to the pre-exponential factor, ν.  Once the kinetic parameters such as E and ν

are obtained and the most consistent rate limiting mechanism, f(), is identified, a kinetic 

prediction of the reaction process as a function of temperature and time is possible through eqn. 

(1) and the proper f() expression from literature.8

Isothermal model-free kinetic analysis

However, if no linear fit can be obtained from eqn. (2) and the available g() expressions 

from literature,8 then eqn. (1) can still be solved in a model-free approach very similar to that 

applied to the case of linear heating rate,9-12 and will be described below:

 
 

tTkt
RT

E

f

d
g ).(.exp.

0









  










LLNL-JRNL-662218

7

Taking the natural logarithm on both sides of eqn. (1) yields: 

  


vf
RT

E

dt

d
lnln 








                                                                                                         (4)

At a specific value n for the isothermal experiment at Ti, eqn. (4) is more accurately written as:

  n

i

nn f
RT

E

dt

d



lnln 








                                                                                                    (5)

If the experimenter performs more than 2 isothermal uptake experiments at more than 2 different 

temperatures, a plot of i
n Tvs

dt

d
/1.ln 







 
has a slope –En/R and an intercept equal to ln(f[n]) . 

By repeating the above procedure at other αn values between 0 and 1, a plot of En vs. n and a 

plot of ln(f[n]) vs. n
  can be established. In other words, at every n value, a distinct pair of 

values for En andf(n) is obtained from the Arrhenius plot built from all data at different 

temperatures with the same value of n, as pictorially illustrated in the diagram of Fig. 6.

Once the variations of E and f()  with respect to  are known, the time prediction, 
n

t , for a 

specific conversion n to be reached at any isothermal temperature To can be obtained from the 

rate equation (1) as following:

  
 




 






t

RT

E

o

n

ef

d
dtt

0 0

                                                                                                      (6)

Results and Discussion
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The plots of the reacted fractions vs. log(time) for the hydrogen uptake at a constant H2

pressure of 1333.2 Pa for six isothermal experiments over a temperature range from 292.8K to 

320.0K are presented in Fig. 7. The inset at the upper left corner of Fig. 7 is the zoomed up 

portion of the same curves at very low reacted fraction (α < 0.1).  It is observed that for the main 

portion of the reaction (0.08 < α < 0.94), hydrogen uptake was faster with increasing 

temperatures, indicating a reaction with a positive activation energy barrier. However, at very 

low or very high reacted fractions (α <0.08 and  >0.94), there is no consistent trend.  At α < 

0.08, some experiments at lower temperatures seem to go faster than those at higher 

temperatures.  At α > 0.94, some experiments reached almost 100% uptake capacity while other 

stalled at around 94%. The almost random differences in the uptake rates before 0.08% or after 

94% getter capacity, as well as the different ultimate uptake capacities, were probably the result 

of a combination of variation in the samples’ microstructures and some slight level of non-

uniformity in the mixing of the pellets’ constituents during synthesis.  This slight non-uniform 

mixing could take the form of non-homogeneous distribution of Pd catalyst nanoparticles and/or 

deviation from the nominal composition of 75 wt.% DEB and 25 wt.% catalyst (5 wt.% Pd on 

activated carbon).

Attempts to apply the isothermal model fitting kinetic analysis described above with the 

data shown in Fig. 7 were not successful since none of the models listed in Table I yielded a 

satisfactory linear relationship between g() and t. The best fit with a linear relationship 

between g() and t for all temperatures is based upon the three dimensional diffusion model 

(D3). However, even the g() vs. t plots from the D3 model display a significant non-linear 

relationship as shown in Fig. 8. The hydrogenation process of the DEB pellets may be very 

complex, and the kinetics of the hydrogen uptake of the DEB pellets in the isothermal isobaric 
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environment may not be, therefore, accurately described by a single stage geometrical diffusion 

model.

Consideration of the hydrogen uptake process by DEB pellets at the atomic scale also 

leads to many questions and few answers (Fig. 9). The diagram on the right-hand side of Fig. 9 

depicts an exploded view of a Pd catalyst inside a DEB pellet. Each hydrogen molecule is split 

into two hydrogen atoms upon adsorbing on the Pd catalyst surface. These hydrogen atoms react 

readily with DEB molecules that touch the surface of the Pd catalyst to form a product layer of 

hydrogenated DEB. After the formation of this product layer, between the Pd catalyst surface 

and virgin DEB, how does the reaction continue? 

The Pd catalysts undoubtedly serve as local reservoirs for supplying hydrogen to surface 

sites. But would hydrogen leave the Pd catalyst surface and diffuse as atomic hydrogen on the 

activated carbon surface or through the thickening layer of hydrogenated DEB product to 

continue the reaction? Computationally, it has been argued that the energy barrier for hydrogen 

diffusion away from the Pd catalyst surface is prohibitive on graphene-like surfaces .13

Hydrogen spillover is, nevertheless, a well-documented mechanism for heterogeneous catalytic 

reaction. It is described as dissociative adsorption of H2 on metal catalyst particles, followed by 

migration of H atoms onto the support, and diffusion of H on the support (in most cases, graphite 

and activated carbon) to remote surface sites for reaction.14-19  The average distance between Pd 

nano-particles in the DEB getter pellets is on the order of micrometers, but the maximum path 

length during which hydrogen atoms can diffuse on activated carbon or through hydrogenated 

DEB without recombination into H2 molecules is currently not known.  In general, the further the 

DEB molecules are from Pd catalyst sites, the less chance they have in reacting with hydrogen. 
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Isobaric uptake experiments at close to atmospheric pressure of hydrogen and fast 

dynamic uptake experiments such that the whole reaction completed in matters of 10-20 minutes 

produced a measureable temperature rise of 50-80K. However, the isothermal isobaric 

experiments reported here were carried out at < 2667 Pa and there was no temperature rise that 

could be experimentally detected by placing a thermocouple into the reacting DEB getter pellets.  

However, given the high mobility of DEB molecules as reported previously,7 there was also an 

added possibility that a local temperature rise at the exothermic reaction front in addition to the 

applied heat induces microscopic diffusional transport of unreacted DEB molecules toward the 

catalyst surface to continue the reaction. This is not to mention that as the organic getter 

molecules become partially hydrogenated, they may not capture hydrogen as readily as their 

virgin counterparts.6

With such a multifaceted reaction mechanism, the hydrogen uptake kinetics in these 

porous DEB getter pellets may be more suitably extracted by the isothermal model-free kinetic 

analysis detailed in the previous section. In Fig. 10, the variation of the activation energy barrier 

and of ln(f()), as obtained by the isothermal model-free kinetic analysis, were plotted as a 

function of the reacted fraction for isothermal isobaric uptake at 1333.2 Pa. The shaded bands 

drawn in the plots at   0.94 are there to warn the readers that because of the variation in the 

pellets’ microstructures and the slight level of non-uniformity in the mixing of the pellets’ 

constituents during synthesis as discussed above, the accuracy in the values of E and ln(f()) 

beyond  = 0.94 is expected to sharply decrease. 

In order to use the variation of E and ln(f()) with respect to  in Fig. 10 to make 

kinetic predictions for the performance of DEB getter pellets at any pressure, p (other than Pref = 

1333.2 Pa), eqn. 1 can be rewritten with an explicit pressure dependence term of the form:12
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 
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
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
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


 


exp                                                                                                    (7)

There are a few possible values of n for the power of the pressure term in eqn. (7). If the mobile 

DEB molecules diffuse toward the Pd catalysts to capture H, the solubility of atomic hydrogen in 

the Pd catalyst is the main variable parameter in isobaric experiments performed at different 

pressures and is proportional to the square root of H2 pressure (based on Sieverts’ law) and n = ½ 

in eqn. (7). In the case of the atomic hydrogen diffusing away from the Pd catalyst surfaces onto 

the activated carbon surfaces, or through hydrogenated DEB as atomic hydrogen for micrometer 

scale distance, then the diffusion length can be written as:6

t
m

DCr s


2                                                                                                                              (8)

where r is the diffusion length (in one, two, or three dimensional geometry), D is the diffusion 

coefficient, m is the mass of one hydrogen atom,  is the density of H in the product layer 

surrounding the Pd catalyst particles, and Cs is the concentration of H at the surface of the Pd 

catalyst which can be approximated with the solubility of H in Pd catalysts in an isobaric 

experiment. With this in mind, eqn. (8) becomes:

  t
m

KPDr H


2/1

2
2                                                                                                                       (9) 

where K is the equilibrium constant in the Sieverts’ law.

In short, n =1/4 if the hydrogen atoms leave the Pd surface onto the activated carbon surface or 

through hydrogenated DEB as atomic hydrogen to react with virgin DEB molecules some 

micrometer distance away. And finally, if the H2 solubility in the surrounding DEB layer is the 

rate limiting step in the isobaric hydrogenation process, then it is possible that n = 1 if Henry’s 
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law is applied. In short, for the hydrogen uptake in DEB getter pellets, the most likely values of 

n are ¼, ½, or 1.

In the top two plots of Fig. 11, the hydrogen uptake data (a) up to 80% hydrogenation and 

(b) after 80% hydrogenation from an isothermal isobaric experiment at 313.3K and 666.6 Pa 

(dark solid line) were plotted against the prediction models built from the kinetic parameters 

extracted from the 1333.2 Pa experiments and eqn. 7 with n = ¼ (light dashed line), with n = ½ 

(dark dashed line), and with n = 1 (light solid line).  In the bottom two plots of Fig. 11, similar 

uptake data for another isothermal isobaric experiment at 313.3K and 2666.5 Pa are presented. 

Clearly, none of the prediction models perform superbly over the whole hydrogenation range. 

The model with n =1 fits better than the models with n = ½ and n = ¼  to a reactional fraction of 

α = 0.4 for the experimental curve at 666.6 Pa, but to a higher α value of 0.6 for the experimental 

curve at 2666.5 Pa.  However, at higher α values, the fit with the experimental data from the 

models with n = ½ and ¼ gradually catch up and overtake the one from the model with n = 1, 

indicating a gradual switch in the rate limiting step for the hydrogen uptake reaction.  Going 

beyond   = 0.8 and considering the uptake at 666.6 Pa, the model with n = ¼ fits a little better 

than the one with n = ½. This demonstrates the complex nature of the hydrogen uptake in DEB 

getter pellets. 

The trend can be qualitatively interpreted as follows. Up to a conversion level of ~ 40-

60%, it is the H2 solubility in the DEB matrix that is responsible for the uptake obtained at 

different isobaric pressures. Once the hydrogenated product becomes thick (~ 40-60% 

hydrogenation), the diffusions of the reactants (atomic hydrogen or DEB molecules) toward the 

reaction front becomes the rate limiting step. It seems like at the latest stage of the isobaric 

reaction, when the product layer is thickest, the diffusion of atomic hydrogen away from Pd 
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surfaces toward the remaining DEB active sites (n = ¼) has a slight advantage over the 

movement of unreacted DEB molecules in the opposite direction (n = ½).  

In Fig. 12, the predicted isothermal isobaric hydrogen uptake curves (dashed lines) at 

313.3K with pressures of 666.6 Pa and 2666.5 Pa (obtained from the uptake kinetics shown in 

Fig. 10 and the use of eqn. (7) with n = 1 for lower α values (0.4 for the 666.6 Pa case and 0.6 for 

the 2666.5 Pa case, and n = ¼ for higher  values) are plotted together with the experimental 

curves (solid lines). The light shadows around the dashed lines represent a  5% error band 

around the prediction lines and suggest that, despite the disorderly trend near the reaction end,

isothermal isobaric uptake at different temperatures and pressures can be approximated with the 

approach reported here.  There is, however, a reduction in fidelity in the latest stage of the model 

resulting from the variation in the pellets’ microstructures, the slight non-uniformity in the 

mixing of the pellets’ constituents during synthesis and the possibility of a change in the 

reactivity of partially hydrogenated DEB, as previously postulated.

In reality, organic getters are often used as hydrogen scavengers in vacuum-sealed 

containers where zero or very low hydrogen partial pressure buildup over time are desired. In 

such applications, enough getter should be used to ensure very low H2 partial pressure in the 

evacuated vessel, and the isobaric condition with high H2 pressure to shorten experimental time 

and to facilitate kinetic analysis as described in the above section are absent. Under these 

conditions of dynamic but low partial H2 pressure, the rate limiting step in the hydrogen uptake 

of the DEB getter pellets might not be the solubility of H2 in the DEB matrix. 

In Fig. 13, the hydrogen pressure buildup in a vacuum container (dark solid curve) with a 

volume of ~ 530cc, containing 25 DEB getter pellets, and subjected to a continuous injection of 

hydrogen at a rate of 2.3 mol per min at 303K is plotted against prediction models employing 
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the kinetic parameters obtained from the isothermal isobaric experiments presented in Fig. 10

and eqn. (7) with n values of 1 (light solid curve), ½ (dark dashed curve), and ¼ (light dashed 

curve). In the prediction model for a non-isobaric process, a time step of t = 1 second was 

introduced into a Fortran programming code in order to use the reaction rate eqn. (7), which was 

written for an isothermal isobaric process. At the end of each ti step, the H2 partial pressure, Pi,

in the vacuum container and the extent of reaction, i, was re-calculated and updated. During 

each ti step, a pseudo-isobaric condition was assumed at i with Pi. Kinetic prediction 

modeling is also possible for non-linear H2 input and/or non-constant situations provided that the 

input profile is known and the process is broken down into time steps of ti, during which a 

pseudo-isothermal isobaric condition was assumed at i with Pi and Ti.

From Fig. 13, it is clear that the kinetic prediction model with n value of ¼ matches 

closest to the experimental data. This confirms that at very low but time-varying H2 partial 

pressure, the rate limiting step in the hydrogen uptake is not the solubility of H2 in the DEB 

matrix surrounding the Pd catalysts.  Also at very low H2 partial pressure, the exothermic 

reaction rate at the reaction front should be low enough not to drive up the local temperature 

around the reaction front, and as a result, unreacted DEB molecules do not have the necessary 

mobility to diffuse toward Pd surfaces to react with H atoms.  Therefore, the hydrogen spillover 

effect, or the diffusion of hydrogen atoms away from the Pd catalyst sites on activated carbon or 

through the reacted product layer to react with fresh DEB molecules at micrometer scale distance 

away becomes the dominant reaction mechanism. Indeed, this process was witnessed throughout 

the temperature range of 295-323K under investigation and is illustrated by plotting the 

experimental H2 pressure buildup curves vs. time (solid curves) and the kinetic prediction models 

with n = ¼ in Fig. 14. In Fig. 15, the “ vs. t” curves from the same experiments presented in 
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Fig. 14 (solid dark lines) are plotted against the ones from the kinetic prediction models (light 

dashed lines) with n = ¼. The shaded band around the prediction models represents a  5% error 

band. Clearly, some data shows better agreement than the others. Given the variations in the 

microstructures and constituents of the DEB getter pellets during the mixing phase of the 

synthesis which may affect not only the ultimate gettering capacity, but also the gettering rate, 

the results of the kinetic prediction modeling are good.

Note that in Fig. 14, the transition in the hydrogen pressure buildup curves in the 

reaction chambers from a horizontal line to a linear pressure rise with time signals the reacted 

fraction at which the performance of the DEB getter pellets drops significantly. This transition is 

seen in Figs. 12 and 15 as the sharp changes in slope of the  vs. t curves at around 85-90% 

consumption level, and is probably an indicator that, besides the increasingly more difficult 

transport of H to unreacted sites with a thicker product layer, it is chemically more difficult to 

saturate the DEB molecules with the last hydrogen bonds.  As a result, the DEB getter pellets 

should be replaced at 85-90% consumption level in applications requiring low level of hydrogen 

partial pressure. Furthermore, due to the high volatilities associated with similar organic getters 

such as 1,4-diphenylbutadiyne (DPB) when partially hydrogenated,7 partially hydrogenated 

products may vaporize at low temperatures and migrate away to unwanted regions of the vacuum 

container, resulting in lower total uptake capacity. In other words, when kept in a vacuum 

container with a smaller free volume, the ultimate uptake capacity of the getters is expected to be 

higher since the migration of partially hydrogenated product away from Pd catalyst sites in the 

DEB getter pellets is minimized. This is the very reason why, in this report, the total uptake 

capacities for the getter pellets in the isothermal isobaric experiments with a free volume of ~ 

77cc are of the order of 94-100% (see Figs. 7, 11, and 12) while those for the getter pellets in the 



LLNL-JRNL-662218

16

constant rate of hydrogen input experiments with a free volume of ~ 530cc are all less than 94%

(Fig. 15).

Since the volatility increases with increasing temperature, the application of the kinetic 

prediction modeling presented in this report should not be extended much beyond 323K. It is 

also possible that in the process of becoming fully hydrogenated, the activation energy barrier for 

capturing further H atoms from partially hydrogenated (or intermediate) DEB molecules may be 

very different than that for virgin DEB molecules. The interplay of this effect with the already 

complex nature of the hydrogenation of DEB getter pellets makes more accurate uptake 

hydrogen kinetic prediction by way of a specific model even more challenging. The description 

of such an effect is currently lacking in the literature and beyond the scope of this work.

Conclusion

Hydrogen uptake experiments have been performed with pellets of DEB/Pd /activated 

carbon in isothermal isobaric as well as in constant rate of H2 injection modes. The model-free 

kinetic analysis has been successfully applied to the isothermal isobaric experiments to extract 

the hydrogen uptake kinetics, which were then used to make kinetic approximations for the 

performance of DEB getter pellets under different temperature and pressure schemes. The nature 

of the hydrogen uptake process in the organic getter/Pd catalyst/activated carbon systems is quite 

complex, with the rate limiting step verified to be different in the isothermal isobaric conditions 

under high pressures than in applications involving dynamic but low H2 partial pressures.

For the first 40-60% of the reaction, H2 solubility in the DEB getter matrix is the main 

differentiating factor for uptake under isothermal isobaric conditions at high hydrogen partial 

pressure. Thereafter, due to the thickening of the product layer between the Pd catalyst and 
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unreacted DEB molecules, the rate limiting step becomes the diffusion of the reactants (H atoms 

and DEB molecules). However, in an environment with very low H2 partial pressure, the 

diffusion of hydrogen atoms away from the Pd catalyst sites to meet unreacted DEB molecules 

(or other organic getter) at remote locations becomes the dominant reaction mechanism. Hence, 

even though the hydrogen spillover effect is expected to be very weak in vacuum applications 

involving very low hydrogen partial pressure, it has been shown to be in operation.  Such a 

complex dependence of the dominant uptake mechanism on the application environment should 

also be expected for the generic system of organic getter/ Pd catalyst/activated carbon system. 

Therefore, care must be taken to choose the proper rate limiting step for each application 

environment in order to have accurate kinetic prediction results.

Under all experimental conditions, it was observed that the ultimate uptake capacity of 

the DEB getter pellets scales inversely with the free volume of the vacuum vessel for which the 

DEB getter pellets are used. In addition, the H2 uptake rate of the DEB getter pellets decreases 

by many orders of magnitude when the hydrogenated product layer is thick (after 85-90% 

consumption). This deterioration of the DEB getter’s performance may allow gradual hydrogen 

accumulation.  Depending on the rate of hydrogen generation in the vacuum system, DEB getter 

pellets have to be replaced upon saturation or even at 85-90% consumption level if a low 

hydrogen partial pressure in the vacuum vessel is to be maintained.
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Figure captions

Fig. 1: The chemical structures of a virgin DEB molecule, a fully hydrogenated DEB molecule, 

and the optical image of some DEB getter pellets. 

Fig. 2: A schematic diagram of the isothermal isobaric experimental setup reported in this 

manuscript.

Fig. 3: A schematic diagram of the setup for a constant rate of hydrogen injection experiment.

Fig. 4: A diagram illustrating the type of information that can be provided by a constant rate of 

hydrogen injection experiments.

Table I: Possible rate limiting models with associated mathematical expressions for f() and 

g().

Fig. 5: For the isothermal model-fitting kinetic analysis, the most consistent rate limiting model 

yields the best linear fit to the plot of g() vs. t.
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Fig. 6: For the isothermal model-free kinetic analyses, at every n value, a distinct pair of values 

for En andf(n) is obtained from the Arrhenius plot built from all data at different temperatures 

with the same value of n.

Fig. 7: The plots of the reacted fractions vs. time for the hydrogen uptake at a constant H2

pressure of 1333.2 Pa from 6 isothermal experiments with a temperature range from 292.8K to 

320.0K. The inset at the upper left corner of Fig. 7 is the zoomed up portion of the same curves 

at very low reacted fraction (α < 0.1).  

Fig 8: The best fit with a linear relationship between g() and t for all temperatures is based 

upon the three dimensional diffusion model (D3). However, the g() vs. t plots from the D3 

model still display a significant level of non-linearity.

Fig. 9: A diagram depicting the hydrogen uptake process by the DEB pellets at the atomic scale.

Fig. 10: The variation of the activation energy barrier, E, and of ln(f()) as a function of the 

reacted fraction, , as obtained by the isothermal isobaric model-free kinetic analysis are 

presented in (a) and (b), respectively.

Fig. 11: In the top two plots, the hydrogen uptake data up to 80% hydrogenation (a) and after 

80% hydrogenation (b) from an isothermal isobaric experiment at 313.3K and 666.6 Pa (dark 

solid line) is plotted against the kinetic prediction models built from the kinetic parameters 

extracted from the 1333.2 Pa experiments and eqn. 7 with n = ¼ (lighter dashed line), with n = ½ 

(dark dashed line), and with n = 1 (light solid line).  In (c) and (d), similar uptake data for 

another isothermal isobaric experiment at 313.3K and 2666.5 Pa are presented.
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Fig. 12: The predicted isothermal isobaric hydrogen uptake curves (dashed lines) at 313.3K with 

pressures of 666.6 Pa (a) and 2666.5 Pa (b) are plotted together with the experimental curves 

(solid lines). The shaded band around the prediction models represents a  5% error bar.

Fig. 13: The hydrogen pressure buildup in a vacuum container (dark solid curve) with a volume 

of ~ 530cc, containing 25 DEB getter pellets, and subjected to a continuous injection of 

hydrogen at a rate of 2.3 mol per min at 303K is plotted against prediction models with n values 

of 1 (light solid curve), ½ (dark dashed curve), and ¼ (light dashed curve).

Fig. 14: Comparisons of experimental H2 pressure buildup curves vs. time (solid curves) and the 

kinetic prediction models with n = ¼ (dashed curves) at 295K (a), 303K (b), 308K, (c), 313K (d), 

318K (e), and 323K (f).

Fig. 15: Comparisons of experimental “ vs. t” curves, from the same experiments presented in 

Fig. 14 (solid dark lines), with the kinetic predicted models utilizing n = ¼ (light dashed lines).
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